Stereotactic body radiotherapy (SBRT) is a treatment option for patients with early stage lung cancer. Treatment duration can be .30 minutes per fraction with non-coplanar 3D-conformal radiotherapy (3D-CRT). Whilst this is generally well tolerated, faster delivery techniques are desirable. Volumetric modulated arc therapy (VMAT) allows for fast delivery of radiation treatment. The purpose of this planning study was to compare SBRT with 3D-CRT and VMAT, with VMAT plans generated using both single arc and 3 non-coplanar partial arcs.
Introduction
While surgical resection remains the gold standard treatment for patients with early stage non-small cell lung cancer (NSCLC), stereotactic body radiotherapy (SBRT) is a treatment option for patients who either refuse or deemed unsuitable candidates for surgery. A recent meta-analysis, which assessed 6 SBRT studies, has shown that SBRT results in improved local control rates when compared to conventionally fractionated radiotherapy, with 2-year disease specific survival estimates of 83% (95% confidence interval 75-92%) (1) . However, due to selection criteria, the majority of patients undergoing SBRT are elderly and often have significant comorbidities, including severe chronic obstructive pulmonary disease (COPD). Treatment duration can be .30 minutes per fraction using non-coplanar 3-D conformal radiotherapy (3D-CRT), typically requiring the delivery of 7-9 beams. Prolonged treatment times are not only difficult to tolerate for patients, particularly in light of the required immobilisation, but also introduces the problem of intra-fraction motion during treatment. Consequently, faster delivery techniques are desirable. Volumetric modulated arc therapy (VMAT), a form of intensity-modulated radiotherapy (IMRT), allows for fast delivery of radiation treatment, delivering dose in one or more gantry rotations with dynamic multi-leaf collimators (MLC), variable gantry speed and dose rates (2) . VMAT has been shown to deliver highly conformal dose distributions and reduce treatment times for a variety of tumor sites (3) (4) (5) (6) .
Our center has been treating early stage NSCLC (tumors 5 cm diameter with no evidence of nodal involvement) with SBRT using 3D-CRT since 2008. The purpose of this planning study was to compare SBRT with our current noncoplanar 3D-CRT technique and RapidArc (Varian Medical systems, Palo Alto, CA), a form of VMAT. VMAT plans were generated for all patients using both a single arc and 3 non-coplanar partial arcs. The 3 arc plans were generated in order to spare dose to the contralateral lung.
Materials and Methods
The study was approved by the institutional research and ethics board. Ten patients who had previously been treated with SBRT for early stage lung cancer using a non-coplanar 3D-CRT technique were selected.
Target Volume and Organ at Risk Delineation
All patients underwent computed tomography (CT) simulation in the treatment position with immobilization devices including abdominal compression. Venous contrast was given and 2.5 mm CT slices acquired. The gross tumor volume (GTV) was defined and no margin added for clinical target volume (CTV). The GTV was expanded to a planning target volume (PTV) by adding the following margins: 5 mm circumferentially and 10 mm craniocaudally.
The spinal cord, esophagus, ipsilateral brachial plexus, heart, trachea and ipsilateral bronchus, skin, whole lung, great vessels and ribs were outlined as organs at risk (OAR). Spinal cord was contoured at least 10 cm above the superior extent of the PTV and continued to at least 10 cm below the inferior extent of the PTV. The major trunks of the brachial plexus were contoured using the subclavian and axillary vessels as a surrogate for identifying its location. The heart was contoured along with the pericardial sac. The superior aspect was at the level of the inferior aspect of the aortic arch (aortopulmonary window) and extended inferiorly to the apex of the heart. The proximal trachea was contoured from at least 10 cm superior to the extent of the PTV or 5 cm superior to the carina (whichever was more superior) and continued inferiorly to the superior aspect of the proximal bronchial tree. The proximal bronchial tree included the most inferior 2 cm of distal trachea and the proximal airways on both sides, to include carina, right and left mainstem bronchi, the left and right upper lobe bronchi, the intermedius bronchus, the right middle lobe bronchus, the lingular bronchus and the right and left lower lobe bronchi. Both right and left lungs were contoured as one structure using pulmonary windows.
Radiotherapy Planning
Treatment was delivered on a Varian Clinac 21iX with HD120 MLC (Varian Medical Systems, Palo Alto, CA) with 0.5 mm leaves in the central 20 and 1 cm leaves peripherally. All patients were treated to a dose of 48 Gy in 4 fractions. Common planning parameters were used for the 3D-CRT, 1 arc and 3 partial arc RapidArc protocols as shown in Table I .
The aim of planning was to achieve PTV coverage without violating PTV conformality, OAR dose or hotspot dose constraints. Doses to OAR were kept below the limits specified in Table I . All plans were generated by experienced planners and reviewed by a supervising physicist. All plans were generated using 6 MV photons. Dose calculations for all plans were calculated using the Eclipse AAA algorithm with inhomogeneity corrections applied. Plans were normalized such that the prescribed dose covered 95% of the PTV. For 3D-CRT planning, 7 to 9 non-coplanar fields were employed. Beams were spread evenly with minimal overlap at the skin surface. Beam weights were manually adjusted. Where possible, without compromising conformality, beams were arranged to avoid OAR so as to achieve the lowest possible OAR dose. For each field, MLC were fitted to the PTV with no margins. Beam arrangements for the 3D-CRT plans were chosen to avoid critical structures and to spread out the beams more or less evenly. Individual beam weights were then adjusted to fine tune the dose distribution to limit OAR doses and in particular D2 max, skin dose and 50% dose conformity index. For each clinical case, beam arrangement and beam weights were chosen by our SBRT planner in consultation with a SBRT physicist. The plans were approved by our SBRT radiation oncologist and then reviewed by a second SBRT physicist.
For VMAT plans, single arc employed a full 360 degree rotation, whereas, 3 non-coplanar partial arc plans employed a 120 degree arc with couch angle at 0 degrees and two 100 degree arcs with couch angle at 30 and 330 degrees. The angles for the 3 partial arcs were chosen to avoid beams entering through the contra-lateral lung. All VMAT plans were inversely optimised. For VMAT optimization, all plans used the same dose-volume objectives. Additional OAR objectives were added if certain OAR doses exceeded the OAR dose constraints.
Beam configurations and dose distributions for all 3 techniques in the same patient are illustrated in Figure 1 .
Evaluation of Treatment Plans
Comparative analysis was performed using the 10 patient datasets. Dosimetric parameters were evaluated for target volumes and organs at risk. Organ at risk data were assessed to ensure that they fell within pre-specified dose constraints. Timing studies were performed, using 3 datasets, from start (first beam on) to completion (final beam off) of delivery of a single treatment fraction.
Statistical Analysis
Cumulative DVH parameters were compared between 3D-CRT and RapidArc, using both a single and 3 partial noncoplanar arcs, using the Wilcoxon matched pair signed-rank test for non-parametrically distributed data. All statistical tests were two-sided, with a threshold for statistical significance of p  0.05. Statistical analysis was undertaken using Statistica (Statsoft, Tulsa, OK).
Results and Discussion
Both VMAT techniques covered target volumes more conformally than 3D-CRT with a mean V48/V PTV of 1.21 for 3D-CRT, 1.03 for 3 arc plans and 1.01 for single arc plans (p 5 0.005). All pre-specified dose constraints to organs at risk were met using all three techniques. Study results are summarised in Table II . Of particular note, mean lung dose, V20 and V5 were significantly better with the 3 arc technique than 3D-CRT. The 3 arc plans were also better than the single arc technique in terms of mean lung dose (p 5 0.009). However, there was no evidence of a statistically significant improvement in any of the lung parameters when using single arc VMAT compared with 3D-CRT.
The timing study demonstrated that both VMAT techniques were significantly faster to deliver than the 3D-CRT technique. The mean time to deliver a single fraction was 13 minutes (range 12-14 minutes) for 3D-CRT, 9.2 minutes (range 8-10 minutes) for the 3 arc technique and 5.5 minutes (range 5-6.5 minutes) for the single arc technique based on a maximum dose rate of 600 monitor units per minute.
The introduction and adoption of new treatment techniques is dependent upon one or both of two factors: improved dosimetry and faster delivery time (7) . This planning study demonstrates that all 3 treatment techniques were able to treat the GTV to 48 Gy without contravening pre-specified dose constraints to organs at risk. We note that mean maximum rib doses exceeded the dose constraints in our latest planning protocol (i.e., 40 Gy). However, 8 of the tumors in this planning study were peripheral lesions, with 6 very close to the chest wall. Whilst chest wall dose is an important consideration in planning, meeting these dose constraints should not be allowed to compromise target coverage as explicitly stated in the RTOG 0915 trial. Both VMAT techniques demonstrated superior conformality compared to the 3D-CRT technique (p 5 0.005). Comparison of the single arc and 3 arc techniques showed that the single arc plans resulted in a superior conformality index (p 5 0.021).
Whilst all pre-specified dose constraints to organs at risk were met, some statistically significant differences were observed between the planning techniques. Of note, D2 max was significantly lower with the 2 VMAT techniques compared to 3D-CRT (p 5 0.005), while brachial plexus dose was lowest with the single arc VMAT technique. On the other hand, dose to the esophagus was lowest with the 3D-CRT technique when compared to both single arc (p 5 0.07) and 3 arc plans (p 5 0.028). This reflects the ability to avoid particular structures using the 3D-CRT technique by judicious and careful placement of beams.
A major concern with the treatment of lung cancer with radiotherapy is the risk of pneumonitis. Arc therapy may seem disadvantageous in this respect as much larger lung volumes are exposed to low doses of radiation compared to conformal techniques. The 3 arc technique was assessed in addition to the single arc in order to spare dose to the contralateral lung. Ong et al. (8) and Verbakel et al. (9) commented on their higher contralateral lung dose, in particular V5. In a separate paper, Ong et al., (10) , reported that contralateral lung V5 is a good indication of radiation pneumonitis for VMAT SBRT with PTV . 80 cc. McGrath used a 180 degree partial arc to avoid irradiating the contralateral lung but chest wall dose was not considered. Radiation Therapy Oncology Group (RTOG) 0915 (Section 6.4.2) recommends a minimum of 340 degrees (cumulative for all beams) for arc rotation. As the angle of rotation is restricted, the advantage of spreading out dose is reduced. Dose fall off and thereby 50% dose conformity index (V24/V PTV ) and D2 max could suffer and adjacent OAR such as rib and chest wall could be the limiting factor. Also, Verbakel et al. (9) commented that their static 10 non-coplanar beam seem to have fewer rib fractures and severe skin reaction than centres using 4-6 coplanar beams.
In fact, our results demonstrated a statistically lower mean lung dose ( p 5 0.009), lung V20 ( p 5 0.028) and lung V5 ( p 5 0.009) when compared to the 3D-CRT technique. On the other hand, there were no statistically significant differences for the lung parameters when comparing 3D-CRT and the single arc technique. Furthermore, only the mean lung dose was statistically improved when comparing the 3 arc to the single arc technique. Of particular importance when assessing planning techniques using IMRT techniques, where higher volumes of tissue are exposed to low dose radiation, is the mean lung dose. It has been suggested that this parameter may be a better predictor of toxicity than the traditional measure of lung V20 (11, 12) . However, considerable uncertainty remains in relation to SBRT (11) . Our study demonstrates that the 3 arc technique appears to be superior in terms of lung parameters, although it is important to note that whilst some of these differences were statistically significant, it is doubtful whether these are clinically relevant. Consequently, in terms of the dose metrics outlined above, any of the 3 techniques provide an adequate treatment solution. For small PTVs, lung dose is usually not an issue but for larger PTVs (.80 cc as reported by Ong et al. (8) ), reduction in contralateral lung dose and OAR dose with non-coplanar arc would be clinically significant.
The non-coplanar 3 arc plan suggested in this paper addresses the issues raised by the above three papers (8-10), namely, the use of non-coplanar fields to spread out dose superior and inferior to the PTV and to avoid irradiating the contralateral lung but at the same time achieve total angle of rotation close to the RTOG recommendation. As a result, lung dose is lower than either 3D-CRT or single arc and dose to remote OARs such as cord and airways are also lower than single arc.
On the other hand, the timing study demonstrated that the single arc technique was the fastest with a mean of 5.5 minutes. The 3 arc technique was also significantly faster than the 3D-CRT technique (9.2 minutes vs. 13 minutes). These findings are in accordance with other studies in the literature (7-9). Verbakel et al. (9) , in a planning study of 3 patients comparing a 10 beam 3D-CRT technique with a single arc VMAT technique, the VMAT technique was shown to be significantly faster in terms of treatment delivery time. A further study of 18 patients by the same group (8) confirmed these findings: the average time for a single 7.5 Gy fraction with VMAT was 3.9 minutes compared to 11.6 minutes with a conformal SBRT technique. McGrath et al. (11) , in an assessment of 21 patients planned with conventional stereotactic radiotherapy and VMAT, utilising a single partial arc found that treatment times were reduced by an average of 6 minutes per fraction. The advantage of faster treatment delivery is that it not only improves efficiency of machine utilisation but also has the potential to reduce intrafraction motion, a significant problem in the stereotactic treatment of lung cancers (13, 14) .
An additional problem with the 3D-CRT technique, with multiple beams and couch rotations, is the risk of gantry collisions. This requires time consuming collision checks prior to commencement of treatment. We found that the two VMAT techniques resulted in fewer collision issues compared with the 3D-CRT technique.
In conclusion, VMAT resulted in improved conformality compared to 3D-CRT. The 3 arc technique appears to have the lowest dose to lung (mean lung dose, V5 and V20) and other normal tissues although the magnitude is unlikely to be clinically significant. The main advantage of VMAT over 3D-CRT, however, is significantly faster treatment delivery time. Shortened treatment times are anticipated to improve tolerability of this treatment and reduce the chance of error due to intra-fraction motion. Furthermore, VMAT has the potential to allow for more efficient use of treatment machine time slots.
